We report a direct observation of the microsecond time scale combustion of aluminum realized in underdamped electrical explosions of aluminum wires in the water environment. Experiments were conducted using a pulse power generator delivering a 200 kA current amplitude within an $1 ls rise-time. Time-resolved spectroscopy was applied to obtain the spectrum of AlO oxide absorption bands, and the temperature of oxides was determined. The results show that decreasing the wire diameter and increasing the discharge current density allow one to decrease the time delay in the appearance of AlO absorption bands to 1 ls with respect to the beginning of the wire explosion and significantly increase the rate of aluminum combustion up to $1.3 Â 10 3 g/s.
I. INTRODUCTION
Research on aluminum (Al) combustion has attracted enduring attention because of the large enthalpy of the exothermic reaction realized as a result of its combustion with surrounding oxidizers (H 2 O, CO 2 , CO, NO, NO 2 , and O 2 ). Because of the positive enthalpy of this reaction, Al powders have been utilized for many years as an additional energy source for propellants. 1 In the case of Al combustion in water, one can obtain 2 up to $60 kJ/g of the energy released in the reaction 2Al
The ignition temperature of this reaction is $1000 K, 3 and the required energy density deposition ranging from 2.6 to 5 kJ/g was found to depend considerably on the experimental conditions. [4] [5] [6] [7] [8] During the last 60 years, Al combustion in different environmental conditions was studied experimentally, theoretically, and numerically. In Beckstead's comprehensive review, 9 experimental data for Al combustion are provided and summarized, and the results of different models are compared. In some of the models, the ignition of Al combustion is considered to start only when the oxide shell is melted, 1 whereas the authors of other models speculated that this process starts with the failure of the oxide shell integrity. 6 The Al combustion numerical modeling considers several stages, which include the formation of Al sub-oxides forming Al oxide via surface and gas-phase reactions. However, reliable kinetic data for Al-H 2 O reactions are available only for a rather narrow range of temperatures. 10 Earlier experimental research 9 showed that the typical burning time, s b ; of micron-size Al particles is in the millisecond time scale. By 11 Thus, s b 10 À4 s can be expected for particles of D 10 lm. It was shown that the value of s b depends significantly on the pressure, temperature, and oxygen concentration realized in the combustion of Al particles in different experiments. 4 Taking these parameters into account, a more general semi-empirical expression was suggested:
0 , where C is the concentration of water, P [atm] is the pressure, and T 0 [K] is the temperature required for beginning the Al combustion. This temperature is significantly (2-3 times) smaller than the aluminum oxide melting temperature of 2300 C. 12 Yet, let us note that these investigations were performed at P 5 Â 10 6 Pa and T 3 kK. In our recent experimental studies of underwater electrical explosions of Al wires 13 and Al wire arrays [14] [15] [16] [17] conducted in 10
À7
-10 À6 s timescales, a significantly brighter light emission and larger energy transference to the water flow were obtained than in copper wire explosions. To explain these observations, the possibility of Al wire combustion was suggested. The process of underwater electrical wire explosion is characterized by the formation of an extreme state of the material. For instance, energy density deposition is in the range of 10-100 kJ/g, the temperature reaches several eV, and the pressure approaches 10 10 Pa. These conditions differ drastically from that of previous combustion studies. Here let us note that in earlier research 18 on Al wire explosion in water in a time scale of several tens of microseconds, the effect of Al combustion on generated shock wave was not obtained. However, spectroscopic research 19 on the light emission of AlO and OH oxide bands during intense millisecond time scale heating of Al wire showed evidence of the Al combustion process.
In this paper, we present experimental data for Al combustion ignited by an underwater electrical explosion of a single Al wire and Al wire arrays in the microsecond time scale. Time-and space-resolved streak images of the wires' light emission and the time-resolved spectrum of AlO oxide absorption bands showed evidence of Al combustion, which is realized when the wire explosion is characterized by underdamped electrical discharge. This spectrum appears to be due to AlO oxide light absorption, which occurs as a result of gas-phase combustion of Al in the presence of surrounding water oxidizers. 20, 21 AlO spectroscopy is frequently used to identify species in Al combustion, [22] [23] [24] and to detect whether the Al is burning. [25] [26] [27] [28] Moreover, by using the high-resolution spectra of the AlO B-X transition, AlO vibrational temperatures can be determined. 20, 21, [29] [30] [31] [32] [33] [34] [35] [36] These findings suggest that the presence of AlO serves as clear evidence of an Al combustion process on a microsecond time scale.
II. EXPERIMENTAL SETUP AND DIAGNOSTICS
The experimental setup is shown in Fig. 1 . The experiments were conducted using a microsecond-time scale pulse generator (see Ref. 7 ) with a stored energy of $3.1 kJ at a charging voltage of 25 kV, resulting in a current amplitude of $280 kA with a rise time of $1.25 ls. The total discharge circuit inductance was $70 nH with short circuit load having inductance of $15 nH. A 45 mm long Al wire (150 lm, 250 lm, 500 lm, or 800 lm in diameter) was placed coaxially inside the chamber filled with de-ionized water between the high voltage and grounded electrodes. Hereinafter, the terms Al 150, Al 250, Al 500, and Al 800 are used to refer to Al wires having a diameter of 150 lm, 250 lm, 500 lm, and 800 lm, respectively. In addition to single wire explosions, we conducted experiments with planar Al wire array explosions. In these experiments, wire arrays having 50 wires 50 lm in diameter and 10 wires 152 lm in diameter (hereafter, a 50 Â 50 wire array and 10 Â 152 wire array) were used.
The discharge current was measured using a self-integrated Rogowski coil and the total voltage drop along the wire was measured using a Tektronix voltage divider connected to the high voltage electrode. A 532 nm CW laser EN60825-1:2007 (see Fig. 1 ) was used for optical alignment prior to the generator shots. The time-and space-dependent evolution of exploding wire self-emission in the visible range of light was obtained using an Optronis SC-10 streak camera with neutral filters placed at the front of the camera input slit. To obtain a spectrum of the light emission of the exploding wire, an imaging spectrometer Chromex 250 having three different gratings with a streak camera at its output was used. With a 300 grooves/mm grating, this optical setup was used to obtain spectra of the AlO oxide bands in the broad wavelength range 411 nm-646 nm with a spectral resolution of $0.71 Å /pix. To observe bands of OH radicals, a grating with 1800 grooves/mm grating was used, which covers 300.94-316.68 range with a spectral resolution of 0.15 Å /pix. The time resolution was $360 ns/pix for a streak timebase of 500 ls, 150 ns/pix for a streak timebase of 200 ls, and 36 ns/pix for a streak timebase of 50 ls. To synchronize the operation of the high-current generator and the streak camera, a Stanford Digital Delay Generator DG645 was used.
III. EXPERIMENTAL RESULTS
In Figs. 2-4, one can see typical waveforms of the discharge current and resistive voltage at different timescales, together with the deposited power/energy for Al 800 and Al 500 wire and 50 Â 50 wire array explosions. One can see that explosions of Al 800 wire are characterized by an almost critically damped discharge with a current density of 31 MA/cm 2 , which agrees well with the specific current action for Al, h % 6 Â 10 8 A 2 s/cm 4 . 37 Here, the maximal current density was calculated by assuming uniform current density radial distribution in the wire's cross section, which was estimated using the streak images of the expanding wire. The total energy deposited into the Al 800 wire until the first zero of the discharge current was $2.8 kJ, which corresponds to a deposited energy density of $45 kJ/g. The total average resistance of the discharge channel at the end of the energy deposition (s d $ 2.4 ls with respect to the beginning of the discharge current) reaches $0.3 X, which implies the formation of a low-ionized highly resistive plasma channel.
In the case of Al 500 wire explosions, the discharge was underdamped, that is, after a fast decrease in the discharge current, a re-strike with a fast decaying oscillating current was obtained. The maximal resistance of the discharge channel did not exceed $0.5 X at s d $ 0.9 ls. The total energy deposited into the Al wire was $2.7 kJ, which is slightly lower than that observed for the Al 800 explosion, but the time of the energy deposition was considerably longer, $2.2 ls. Furthermore, the maxima of current density and energy density deposition were different, 22 MA/cm 2 and $115 kJ/g, as compared with the results for Al 800 wire explosions.
An explosion of a 50 Â 50 wire array is qualitatively similar to that of an Al 500 wire. However, the discharge current re-strike amplitude was almost two times the first maximum of the discharge current when the explosion occurred. Indeed, the explosion time was considerably earlier at s d % 500 ns with a maximal resistance of the discharge channel of $0.9 X. Assuming uniform distribution of the current between the wires, one obtains a current density of almost $49 MA/ cm 2 near the explosion time and $1.3 MA/cm 2 at the re-strike maximum. The total energy deposited into the wire was $2.4 kJ, energy density deposition $200 kJ/g or $56 eV/atom, and the energy deposition time reached $2.5 ls. However, it should be noted that when the wire's diameter is sufficiently small, it might act as an initiating wire 38 
FIG. 1. Experimental setup.
Physics of Plasmas ARTICLE scitation.org/journal/php such that the discharge current redistributes between the wires and plasma formed in water surrounding these thin wires. The spatial and temporal distributions of light emitted by exploding Al wires are shown in Fig. 5 . All wire explosions show a qualitatively identical initial increase in light intensity similar to that registered in earlier experiments. 13 It has been suggested that this microsecond time scale increase in light intensity is related to the emission of sub-micron size particles during the discharge channel expansion. 39 This implies sufficiently low plasma density for the photon mean free path to become sufficiently large and result in light emission from the entire volume of the discharge channel instead of from only the channel surface.
In Fig. 5 , streak images of exploding Al 800, Al 500, Al 250, and Al 150 wires' self-light emission with a streak timebase of 500 ls are shown. In this figure, it is seen that the termination of the light emission first occurs at the wire periphery and later at the wire axis. This can be explained by the rapidly decreasing density of the expanding discharge plasma channel and its mixing with the surrounding Physics of Plasmas ARTICLE scitation.org/journal/php water/vapor medium, leading to fast cooling of the plasma. One can assume that at earlier times of the light emission evolution, the shape of the light intensity pattern seen in Fig. 5 roughly corresponds to the discharge channel width. Therefore, taking as an example an Al 500 explosion [see Fig. 5(b) ], for the time t % 75 ls, the radius of the wire can be estimated as $11 mm. The latter corresponds to an $10 3 times decrease in the wire's density, which becomes significantly smaller than that of the surrounding water. Thus, considering that at s d > 75 ls the temperature of the discharge channel is 10 4 K, one can suppose that the pressure in the channel also becomes smaller than that of water, leading to an intense mixing and cooling process of the plasma.
Another qualitative observation is that the temporal evolution of light emission of Al 500 and Al 250 [see Figs. 5(b) and 5(c)] explosions is not uniform, in contrast to that of Al 150 explosions; that is, one obtains two light intensity maxima with a time interval of $120 ls and $30 ls for Al 500 and Al 250 explosions, respectively. The time evolution of the light intensity (in arbitrary units) at the axis (r ¼ 0) in Al 150, Al 250, Al 500, and Al 800 explosions is shown in Fig. 6 , and the main parameters of these dependencies are summarized in Table I . One can see that, for an Al 800 explosion, the only one maximum of the light intensity is obtained at s d $ 30 ls, which has an $20 ls plateau followed by an $20 ls decrease in light intensity. In contrast, the light emission obtained in the case of Al 500 explosions is characterized by two maxima, at s d $ 50 ls and 155 s d 180 ls, and the intensity of the first maximum is $2 times more intense than that of the Al 800 explosion. Similarly, the Al 250 explosion shows two maxima in light intensity with a shorter time interval, whereas the Al 150 explosion shows only one, suggesting the possibility that the 
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scitation.org/journal/php combustion is faster. The second maximum of the light intensity emission obtained for Al 500 and Al 250 explosions cannot be related to plasma heating by the discharge current, which was terminated long before, or to the discharge channel pulsation, which should be seen in the streak image. Thus, one can suppose that the second maximum of the light intensity is related to the evolution of the Al combustion process, which depends on the wire's initial radius and energy density deposition. In addition, one can see that the intensity of the light emission in Al 250 and Al 150 explosions is more than ten times larger than that of Al 800 and Al 500 explosions, which can be related to intense combustion ignited by the Al 250 and Al 150 wires' explosion. Direct evidence of Al combustion was obtained when timeresolved spectroscopy was applied. First, let us note that measurements of the time-dependent spectrum performed with Al 800 explosion wires did not show resolvable AlO oxide spectral bands. Only a very weak continuous light spectrum was registered during $75 ls with respect to the beginning of the discharge current. However, very clear and qualitatively similar time-dependent AlO oxide spectra were recorded in the case of Al 500, Al 250, and Al 150 wire explosions and 10 Â 152 and 50 Â 50 wire array explosions. Namely, the observed spectra consist of AlO absorption bands and the Planck-like radiation emitted by the plasma channel. Absorption lines corresponding to AlO
transitions were identified and assigned using data provided in the literature. 40 In an Al 500 wire explosion, these absorption spectral bands, related to AlO absorption, become resolvable from s ! 30 ls with respect to the beginning of the discharge current [see Fig. 7(a) ], and these band spectra become indistinguishable at s ! 300 ls. An example of an AlO band spectrum containing the lines corresponding to transitions with different Dv (0, 61) and averaged over $14 ls is shown in Fig. 7(b) . The spectral lines originating from different vibrational levels allow the average temperature to be estimated by using Boltzmann energy states population analysis. The determination of individual vibrational line intensity required for the temperature evaluation was performed using PGOPHER software 41 running with an AlO simulation input file. 42 Using vibrational line intensity derived from the vibrational band with Dv ¼ 0, the temperature $5200 6 600 K was obtained. Let us note that this value of AlO oxides temperature coincides satisfactorily with the temperature of $5700 K calculated from the Planck's radiation of the plasma channel. In the case of Al 250 and Al 150 wire explosions and 10 Â 152 and 50 Â 50 wire array explosions, this approach for the temperature estimation was not used because of a strong background light intensity which shades the vibrational line intensities. In these experiments, using continuous spectra and assuming blackbody radiation, the temperature is estimated as 10 000 6 400 K, 12 500 6 500 K, 7500 6 300 K, and 13 500 6 500 K for Al 150 wire, Al 250 wire, 10 Â 152 array, and 50 Â 50 array explosions, respectively. These temperatures are larger than that of Al 500 wire explosion, while the maximal temperature is obtained in the case of the smallest diameter 50 Â 50 array explosions.
In Table II , a summary of explosion parameters is presented. One can see that for the case of 10 Â 152 wire array having a total diameter of $480 lm and, consequently, almost the same mass as Al 500 wire, the parameters of the explosion are very similar to those realized for Al 500 wire explosion. However, the temperature is $1500 K higher for the former case which can be associated with more intense combustion process. This agrees with the shorter and stronger light emission obtained for the case of 10 Â 152 wire array explosion. A qualitatively similar trend can be found comparing Al 250 wire and 50 Â 50 wire array explosion showing $1000 K larger temperature for 50 Â 50 wire array explosion despite the larger energy density deposition rate for Al 250 wire explosion. Now let us analyze the duration of the obtained AlO spectral bands. Similar to the streak images of self-emission intensity (see Fig.  6 ), the spectrally resolved images of AlO oxide bands showed a decrease in duration of these bands' absorption with the decrease in the wire diameter. Namely, whereas in Al 500 explosions the duration of resolvable band absorption was $300 ls, in Al 250 and Al 150 explosions these durations were $140 ls and $80 ls, respectively. In addition, the time delay between the beginning of the discharge current and the appearance of intense absorption of AlO bands decreased significantly with the decrease in the diameter of the Al wires, i.e., from $30 ls to $12 ls for Al 500 and Al 250 explosions, respectively. The fastest Al ignition was obtained in the case of electrical explosions of 10 Â 152 and 50 Â 50 wire arrays. Typical streak images of the spectra obtained in these explosions are shown in Fig. 8 . One can see that the duration of the bands' absorption, as well as the time delay between the beginning of the discharge current and the appearance of band absorption, decreases further with the decrease in the wire diameter. Indeed, as one can see in a zoomed-in image of the spectrum obtained for a 50 Â 50 wire array explosion [see Fig. 8(c) ], this time delay becomes 1 ls.
The time evolution of normalized absorption intensities of the AlO oxide spectral line k ¼ 486.1 nm for Al 500 wire explosions and 10 Â 152 lm and 50Â 50 lm wire array explosions are shown in Fig. 9 . One can see that the decrease in the wire diameter while keeping approximately the same total mass of Al results in a significant acceleration of the combustion process. The main parameters of the Al combustion estimated using the AlO oxide absorption line are shown in Table III . Here, to estimate the Al mass burning rate we introduce the burning time of Al as the time duration of the AlO oxide absorption line intensity at its half maximum. One can see that the decrease in the wire diameter leads to a significant increase in the mass burning rate, reaching $1.33 mg/ls for 50 Â 50 lm wire array explosion.
In addition, we conducted a few experiments with the explosion of Al 500 wire to obtain in the ultraviolet range 290-350 ns spectral bands (306.5 nm and 309.5 nm) 43 of OH radicals, which can be expected in the case of Al combustion. Indeed, in the range 306 nm-310 nm, rather strong absorption bands were obtained. However, in the same range, one can expect to obtain strong Al I (308.21 nm and 309.28 nm) and Al II (308.85 nm) spectral lines 44 which, because of Stark broadening, overlap these bands, thus complicating this spectral range analysis.
Finally, we attempted to obtain streak images of the H a spectral line, which should allow the plasma density to be estimated. However, all our attempts, in which different spectral and time resolutions of the streak camera were used, failed. This can be related to the very fast formation of a plasma with a density >10 18 cm
À3
, which, together with the van der Waals effect, lead to the significant broadening of this spectral line, making its intensity unresolvable on the intense continuous emission background. 
IV. SUMMARY
Our experiments showed that an underwater electrical explosion of Al wire(s) provides sufficient conditions for efficient Al combustion on the microsecond time scale. Namely, phase transitions of exploding wire to the gas/plasma state, characterized by a temperature significantly exceeding 10 3 K and radial wire expansion, allow this Al gas/ plasma to mix with water molecules, leading to a chemical combustion reaction, not only at the wire's surface but also in the bulk of the discharge channel.
The spectroscopic data, described in Sec. III, showed evidence of Al combustion realized within a time range 10 À4 s and only when the explosion of the Al wire was characterized by underdamped fast decaying current discharge. For example, the Al 500 discharge with a current density up to 22 MA/cm 2 , energy density deposition of $115 kJ/g ($31 eV/atom), leads to the formation of low-resistivity ($4.4 Â 10 À5 XÁcm) highly ionized plasma consisting of neutral and singly ionized Al atoms with a temperature of several eV. Large pressure ($10 8 Pa) realized in the discharge channel 45, 46 results in radial expansion with an average velocity of $1.5 Â 10 4 cm/s, accompanied by a decrease in density and temperature. One can suppose that, because of the exploded wire's radiation and heat transfer, the water layer surrounding the wire can be vaporized, resulting in the formation of a layer of dense and relatively hot vapor with OH radicals. This vapor then mixes and reacts with Al atoms and ions, leading to the combustion reaction and formation of AlO oxide by the Al þ H 2 O ¼ AlO þ H 2 chemical reaction.
One can suppose that the absence of the AlO absorption spectrum in the case of an almost critically damped discharge of an Al 800 wire explosion can be related to the formation of a discharge channel consisting of liquid-vapor-low ionized plasma. The latter prevents efficient mixing and diffusion between the water vapors and the bulk of the channel material, and thus only the external layers of the exploded wire react with water. This qualitatively agrees with the significantly smaller light intensity and its fast decay in the case of Al 800 wire explosions as opposed to explosions of wires with smaller diameters, where light intensity gradually increased in time.
Wire array explosions show a promising approach for acceleration of aluminum combustion. The estimated burning time of aluminum ($9 ls) is several orders faster than that obtained in previous research studies. 9 It was found that the burning time depends on the discharge current re-strike amplitude. Furthermore, an analysis of light self-emission intensity evolution showed that the same mass of the wire material can pass the oxidization process almost eight times faster when a wire array is used instead of a single wire. Thus, by using an array with a large number of Al wires, each having diameter <10 lm, it may be possible to obtain significant additional input of the energy to the water flow, and thus achieve larger density, pressure, and temperature in the vicinity of implosion of converging either cylindrical or quasi-spherical shock waves. Physics of Plasmas ARTICLE scitation.org/journal/php
